Massive runaway stars produce bow shocks through the interaction of their winds with the interstellar medium, with the prospect for particle acceleration by the shocks. These objects are consequently candidates for non-thermal emission. Our aim is to investigate the X-ray emission from these sources. We observed with XMM-Newton a sample of 5 bow shock runaways, which constitutes a significant improvement of the sample of bow shock runaways studied in X-rays so far. A careful analysis of the data did not reveal any X-ray emission related to the bow shocks. However, X-ray emission from the stars is detected, in agreement with the expected thermal emission from stellar winds. On the basis of background measurements we derive conservative upper limits between 0.3 and 10 keV on the bow shocks emission. Using a simple radiation model, these limits together with radio upper limits allow us to constrain some of the main physical quantities involved in the non-thermal emission processes, such as the magnetic field strength and the amount of incident infrared photons. The reasons likely responsible for the non-detection of non-thermal radiation are discussed. Finally, using energy budget arguments, we investigate the detectability of inverse Compton X-rays in a more extended sample of catalogued runaway star bow shocks. From our analysis we conclude that a clear identification of non-thermal X-rays from massive runaway bow shocks requires one order of magnitude (or higher) sensitivity improvement with respect to present observatories.
INTRODUCTION
Most massive stars, mainly OB-type stars along with WolfRayet stars (their evolved counterparts) are known to be part of open clusters, where they are believed to be formed. However, some stars -the so-called runaways or runaway stars -are characterized by large peculiar space velocities and seem to have been ejected from their birth place. Mainly, two scenarios have been proposed to explain the peculiar kinematics of runaway stars. On the one hand, one may consider a supernova explosion in a close binary (or higher multiplicity) system, resulting in the ejection of the secondary (Zwicky 1957) . On the other hand, the ejection of the star ⋆ Based on observations with XMM-Newton, an ESA Science Mission with instruments and contributions directly funded by ESA Member states and the USA (NASA). † E-mail: debecker@astro.ulg.ac.be can also be the result of dynamical interactions in a dense open cluster (Leonard & Duncan 1990 ).
Among these systems, several tens turn out to produce strong shocks, through the interaction of their stellar winds with the interstellar material, as described in the Extensive stellar BOw Shock Survey (E-BOSS) catalogue (Peri et al. 2012 (Peri et al. , 2015 . The existence of these shocks -often revealed in the infrared -calls upon the question of particle acceleration through the Diffusive Shock Acceleration mechanism (DSA) (Fermi 1949; Bell 1978; Drury 1983 ). This process is indeed operating efficiently in other astrophysical environments presenting hydrodynamic shocks such as supernova remnants (Romero 2004; Vink 2013 ) and particleaccelerating colliding-wind binaries (Pittard & Dougherty 2006; De Becker 2007; De Becker & Raucq 2013) . Predictions about the non-thermal activity of runaways with bow shocks were made by del . The action of particle acceleration was indeed confirmed indirectly through the detection of synchrotron radiation in the radio c 2017 The Authors Table 1 . Stellar and bow shock parameters. The bolometric luminosities for O-stars are the typical values given by Martins et al. (2005) . For B-stars we considered the values given by Hohle et al. (2010) . All other parameters are taken from the E-BOSS catalogue (see the text for further description). domain for BD +43
• 3654 (Benaglia et al. 2010) . In X-rays, a putative detection of non-thermal emission was reported in the case of AE Aurigae (López-Santiago et al. 2012) . Such an emission would be interpreted in terms of inverse Compton (IC) scattering of infrared photons produced by the interstellar dust heated by the stellar photons, in the presence of a population of relativistic electrons accelerated through DSA . More recently, the X-ray observation of a few massive runaways (including BD +43
• 3654) did not reveal any non-thermal emission at the expected position of their bow shocks (Toalá et al. 2016 (Toalá et al. , 2017 . In γ-rays, the scenario where the runaway HD 195592 could be at the origin of the Fermi source 2FGL J2030.7 +4417 was investigated by del Valle et al. (2013) , though this γ-ray source is probably predominantly associated to a pulsar (Abdo et al. 2013) . The investigation for Fermi counterparts of a larger sample of bow shock runaways performed by Schulz et al. (2014) failed to detect any of them in γ-rays. More recently, the systematic search for higher energy gamma-ray emission from all members of the E-BOSS catalogue using the H.E.S.S. (High Energy Stereoscopic System) observatory did not lead to any detection neither (H.E.S.S. Collaboration et al. 2017) .
So far, the detection of high energy non-thermal radiation from bow shock runaways remains thus elusive, justifying a dedicated effort from the observational point of view to clarify this issue. To do so, we obtained observation time with the XMM-Newton satellite to observe in X-rays a sample of 5 OB-type runaways with bow shocks. The main objective of this study is to investigate the potential nonthermal emission from these bow shocks, with the prospects to feed recent models relevant for this class of objects with actual measurements. Considering the low number of similar observations in the past, our study provides a significant improvement for the sample of bow shock runaways investigated in X-rays.
The paper is organized as follows. The selection criteria of the sample and the main basic properties of our targets are presented in Sect. 2. Section 3 describes the observations and the general data processing. A more detailed description of the specific results obtained for all targets and their discussion in the appropriate context are provided, respectively, in Sect. 4 and Sect. 5. Finally, the summary and conclusions are given in Sect. 6.
DESCRIPTION OF THE SAMPLE
The targets were selected among the members of the first release of the E-BOSS catalogue (Peri et al. 2012) . Without any a priori idea of the potential non-thermal emission from the bow shocks of these objects, we scaled the X-ray emission level reported by López-Santiago et al. (2012) for AE Aurigae taking into account two factors. First, the scaling took into account the distance to the potential target (closer targets would lead to a higher flux). Second, considering the source photons for IC scattering is IR radiation from dust particles, another scaling factor was used to account for the IR emission level of the bow shock with respect to that of AE Aurigae (the brighter the IR emission, the brighter the expected IC emission). We also rejected runaways whose bow shocks were located at angular distance smaller than 0.5 arcmin to reduce confusion with the expected X-ray emission from the stars. This procedure allowed to rank higher priority targets for observations with the XMM-Newton satellite. Finally, we restricted our selection procedure to objects that were never observed before with modern X-ray observatories.
Our sample consists of the 5 highest priority targets emerging from this selection procedure. Table 1 summarizes the main properties of the targets that are relevant for the present study: d is the source distance and L bol is its bolometric luminosity;Ṁ and V∞ are the wind mass-loss rate and terminal velocity, respectively 1 . The bow shock parameters are the length l and the stagnation radius R, i.e. the distance from the star to the midpoint of the bow shock structure (in both linear and angular units). The width w can be viewed as the projected thickness of the bow shock. Most of these quantities will be used throughout Sections 4 and 5.
OBSERVATIONS AND DATA PROCESSING
Observations were granted in the context of the 13th Announcement of Opportunity (AO13) of XMM-Newton, with programme ID 074366. A summary of the observations is given in Table 2. The three EPIC cameras (MOS1, MOS2 and pn) were operated in the Full Frame mode with the medium filter to reject optical light. The aim point of all observations was set to the position of the stars. Data processing was performed using the Science Analysis Software (SAS) v.15.0.0 on the basis of the Observation Data Files (ODF) provided by the European Space Agency (ESA), using the calibration files (CCF) available in May 2016. We adopted the so-called standard screening criteria, namely pattern ≤ 12 for MOS and pattern ≤ 4 for pn. For pn data, we also adopted the adequate screening criteria to get rid of bright CCD borders and obtain clean images. The journal of observations for the 5 targets is shown in Table 2 . In each case, the difference between the performed duration (cols. 4 and 5) and the effective exposure time (cols. 6 and 7) is mainly explained by the rejection of time intervals contaminated by soft proton flares (Lumb et al. 2002) . To do so, we extracted light curves (100 s time bins) made of events with Pulse height Invariant (PI) larger than 10000, and we adopted various rejection thresholds (expressed in counts) depending on the observations and on the instrument (MOS or pn), as specified in columns 8 and 9 in Table 2 . In these columns, '-' means that no soft proton flaring activity required any time filtering.
Images were obtained for all EPIC cameras in the 0.3-10.0 keV energy range. A first inspection of the images revealed point sources at the position of all stars, except for HIP 77391 only weakly present on the pn image. Beside the stars, other point sources are also present in all fields of view. For all targets bright enough in X-rays for spectral analysis, circular spatial filters were used to extract source and background spectra. Details about their location and size are given specifically for all objects in Section 4.2. Response matrices and ancillary response files were computed using the rmfgen and arfgen metatasks implemented in the SAS. Spectra were grouped to get at least 5 events per energy bin to avoid the issue of too low number statistics.
RESULTS

Modelling of X-ray spectra
When the extraction of spectra of detected sources was relevant, we made use of the XSPEC software (v.12.8.2, Arnaud 1996; Dorman & Arnaud 2001) for the spectral analysis. The adopted goodness-of-fit indicator was the χ 2 ν value using the Churazov weighting adequate for low count numbers (Churazov et al. 1996) . Error bars on all model parameters were computed on the basis of the error command within XSPEC. This offers the advantage to adequately estimate confidence intervals through a systematic exploration of the parameter space. This allows moreover to refine the spectral fitting and it favors the convergence to a best-fit model. Solar abundances were assumed throughout this analysis.
Spectra were modelled using composite models, whose components have been selected depending on the expected processes likely to be at work in the investigated objects. The expected thermal X-ray emission from the stellar winds is adequately represented by an optically thin thermal plasma emission component. In the standard model for X-ray emission from massive star winds, hydrodynamic shocks occur in stellar winds because of the line-driving instability, resulting in the heating of the plasma up to temperatures of a few MK (Feldmeier et al. 1997) . To account for this process, we made use of the apec model. One of the main parameters is the plasma temperature kT, expressed in keV. The other important parameter is the normalization (N), directly related to the emission measure of the emitting plasma 2 ). The non-thermal X-ray emission expected to be produced close to the bow shock can be represented by a power law emission component, i.e. the power component within XSPEC. This model is defined by a photon index Γ, and by a normalization parameter translating the flux emitted by the non-thermal component. The photon index is directly related to the electron index characterizing the power law relativistic electron distribution. In the absence of direct measurement of Γ, a value of 1.5 will be assumed. This value is anticipated for inverse Compton scattering due to relativistic electrons (p = 2) accelerated by DSA in the presence of standard strong shocks (Blumenthal & Gould 1970; .
The absorption by the interstellar material was represented by a wabs photoelectric absorption model, whose unique parameter is the equivalent hydrogen column (expressed in H equivalent atom numbers per cm 2 ). This parameter was determined assuming NH,ISM = 5.8 × 10
21 × E(B − V ) cm −2 (Bohlin et al. 1978) , with a colour excess determined from an observed (B − V ) based on SIMBAD magnitudes and an intrinsic colour (B − V )• based on the relation given by Mihalas & Binney (1981) . For all targets, the adopted values for NH,ISM are given in Table 3 . For the emission from the stars (and not from the bow shocks), a second wabs absorption component was used to account for the expected absorption by the stellar wind material. For a detailed discussion on the impact of stellar wind absorption on massive star X-ray spectra, we refer to Leutenegger et al. (2010) . This second absorption component turned out to be relevant especially for the case of O-type stars, whose wind are strong enough to produce a significant absorption. The relevant parameter will be referred to as NH,WIND in Sect. 4.2. We clarify that this second absorption component does make sense only for the X-ray emission from the embedded shocks in the stellar winds, and not for the putative emission from the extended bow-shocks.
Analysis of X-ray images and spectra
Our main objective is to investigate the potential X-ray emission associated to bow shocks. To do so, a careful analysis of images is first required. Beside the search for a diffuse emission extending over the bow shock region, one should also consider the presence of point-like sources likely attributable to a bow shock emission that peaks above the background level at a given position. As a result, the correlation of point-like sources with infrared and visible catalogues is needed to reject independent X-ray emitters in the vicinity of the bow shock. Following this approach, only significant X-ray sources with no identified counterparts at other wavelengths could be relevant for the purpose of this study. Apart from our investigation of bow shocks, a spectral analysis of the stellar emissions is also preformed using the tools described in Sect. 4.1.
HIP 16518
The runaway appears as a weak point source in the EPIC field of view. The X-ray count rate between 0.3 and 10.0 keV is 0.004 ± 0.001, 0.003 ± 0.001 and 0.012 ± 0.001 cnt s −1 , respectively for MOS1, MOS2 and pn. The infrared image in the E-BOSS catalogue shows that the bow shock is rather close to the star, with a stagnation radius R of about 0.7 ' (see Table 1 ). The pn image presents a slight apparent Xray excess with respect to the surrounding background to the North-West direction, corresponding to the pointing direction of the runaway velocity vector. The correlation of its position with the 2-Micron All-Sky Survey (2MASS) point source catalogue (Skrutskie et al. 2006 ) and with the Guide Star Catalogue (2.3.2, STScI 3 ) did not reveal any known counterpart within a radius of several arcsec. This motivates to consider that the X-ray excess -if real -could potentially be associated to the bow shock. Even though it is marginally detected, it will deserve a specific discussion below.
The spectrum of the star was extracted for all EPIC cameras from a circular region centred on the star coordinates, with a 30 " radius. The background was extracted within a circular region with equal size as the source region on the same detector (at [3:32:53.8; +35:29:31.4] for MOS and [3:32:31.6; +35:27:06 .3] for pn), away from the expected position of the bow shock. The count rate of the source did not allow to confront spectra to sophisticated models including several components. We thus focus on the results 3 In this paper, GSC counterparts appear as 10 digit identifiers. Table 4 . Count numbers in the X-ray excess close to HIP 16518 and in the nearby background. The value marked with a * is the net count number (i.e. corrected for the mean background count number < C BG >) associated to the slight excess. obtained from a model with one absorption component and one thermal emission component (e.g., wabs*apec) fitted simultaneously to the three EPIC spectra (see Fig. 2 ). The absorption column was fixed to the interstellar value (see Table 3 ). In the context of this thermal model, the plasma temperature is of about 6-7 MK. This range of temperature is in agreement with the typical values expected from intrinsic shocks in individual stellar winds. The slight X-ray excess coincident with the position of the bow shock has been measured using circular extraction regions as illustrated in Fig. 1 . We extracted events related to this emission excess using a 15 " radius circular spatial filter, with rejection of the events falling in the extraction region of the runaway (see above). We have to be conscious that the excess appears in the wings of the Point Spread Function (PSF) of the stellar source. In order to correct for Figure 2. EPIC spectra and their best-fit models (see Table 5 ) between 0.3 and 10.0 keV for HIP 16518, HIP 34536, HIP 78401 and HIP 97796.
this, we estimated the background level at the position of the X-ray excess through the extraction of events in identical regions equidistant from the star (regions BG1, BG2 and BG3 in Fig. 1 ). These background regions are expected to be affected at the same level by the wings of the PSF of the stellar source than the excess extraction region. These extraction regions were used to measure the count numbers in the excess and in the background (mean of the 3 regions), respectively. The results are summarized in Table 4 . These numbers lead to a standard deviation for the background level of about 3 counts. With a count number of about 8 in the excess region, the numbers suggest a detection slightly below the 3 σ level. We will therefore consider it is marginal.
Assuming the slight excess is real and behaves like a point source, one should correct for the encircled energy fraction of a 15 " region, i.e. about 75 %. An additional correction should be provided to take into account that the extraction region is not circular, as it is truncated by the rejection of the star extraction region (roughly, 10 % loss). The corrected count number for the excess is thus of the order of 12. Dividing by the effective exposure time of the pn observation, one obtains a count rate of about 5.4 × 10 −4 cnt s −1 for the slight X-ray excess coincident with the bow shock of HIP 16518.
The WebPIMMS tool
4 , developed and hosted by the High Energy division at the National Aeronautics and Space Administration (NASA), was used to convert this count rate into a physical flux. Assuming an inverse Compton scattering emission process, we considered an absorbed (by the interstellar medium) power law emission spectrum. Using the NH,ISM value given in Table 3 and a photon index equal to 1.5, we derived an X-ray flux of 2.3 × 10 −15 erg cm −2 s −1 between 0.3 and 10.0 keV. In the same energy band, the flux corrected for the interstellar absorption is 3.52 × 10 −15 erg cm −2 s −1 . With a distance of 650 pc, we obtain a potential inverse Compton luminosity for the slight X-ray excess coincident with the bow shock LX,excess = 1.4 × 10 29 erg s −1 .
HIP 34536
The star appears as a moderately bright star in Xrays, with count rates of 0.065 ± 0.002, 0.064 ± 0.002 and 0.268 ± 0.038 cnt s −1 , respectively for MOS1, MOS2 and pn between 0.3 and 10.0 keV. The source spectra were extracted Table 5 . Best-fit parameters for the runaway stars using thermal models (in the 0.3-10 keV energy band). The confidence intervals at the 90 % level are specified for all parameters and for the observed flux.
Target
Instr. The spectral modelling using XSPEC led to satisfactory results with a twotemperature model absorbed by both interstellar and wind columns (i.e. wabs*wabs*(apec+apec)). Fit of individual data sets and the simultaneous fit of the three EPIC spectra (see Fig. 2 ) gave consistent results. Only the latter parameter values are quoted in Table 5 . We note that two solutions appeared to be quite similar in terms of goodness-of-fit and physical relevance, with different temperature distributions. Nonetheless both solutions point to a rather soft spectrum with plasma temperatures of a few MK at most. The region where the bow shock is located presents a few point sources (see Fig. 3 ). Their positions were correlated with the 2MASS point source catalogue and with the GSC catalogue. It appears that most of these sources possess very likely counterparts: S2 at [7:09:20.54; -10:18:41.27 ] is at 1.2 " of 2MASS 07092061-1018408, S3 at [7:09:09.02; -10:19:06.26 ] is at 4.5 " of 2MASS 07090904-1019017 and S3TJ000659, S4 at [7:09:32.21; -10:19,02 .59] is at 3.2 " of 2MASS 07093222-1018592 and S3TJ027311, an S5 at [7:09:11.25; -10:16,48 .89] is at 1.1 " of S3TH016574. This rejects with a high level of certainty the possibility that these point-like sources may be physically related to the bow shock. However, EPIC images reveal the presence of a source (S1) at coordinates [7:09:21.10; -10:17:09.53 ], located at a distance of about 3.6 " from the runaway. It is thus quite close to the stagnation radius of the bow shock (see Table 2 ). We did not find any 2MASS or GSC counterpart at an angular distance less than 14 " for this X-ray source. This allows to consider the scenario where this unidentified X-ray source is related to the bow shock.
The presence of the moderately X-ray bright runaway introduces out-of-time event features affecting the position of S1. We thus corrected the event list for out-of-time events and we extracted a spectrum using a circular region of 20" radius. The pn count rate is 0.009 ± 0.001 cnt s −1 , and MOS1 and MOS2 count rates are 0.003 ± 0.001 and 0.004 ± 0.001 cnt s −1 , respectively. These values were estimated on the basis of background corrected spectra readable in XSPEC. Despite the low quality of spectra, we tentatively fitted models simultaneously to the three EPIC spectra. A wabs*wabs*power model, with fixed interstellar absorption, gives a photon index of 1.64 2.09
1.27 with a measured flux of 6.4 6.9 5.5 × 10 −14 erg cm −2 s −1 . We caution however that a significant additional absorption column (NH = 0.54 . This may indicate a longer distance line-of-sight object with no physical relation with the bow shock. A confrontation of the spectra to a thermal model (wabs*wabs*apec) led to a physically irrelevant result with an exceedingly high temperature (lower limit of about 4 keV) and a local absorbing column NH = 0.43 0.87 0.16 × 10 22 cm −2 . These values are mentioned for the sake of completeness but we caution that the quality of the spectra introduces severe doubts on their reliability.
HIP 77391
The B-star is undetected in MOS data and appears as a very faint point source in the pn field of view, with a count rate of 0.007 ± 0.001 cnt s −1 . This low level X-ray emission may be in part attributed to a faint and soft intrinsic emission from the weak stellar wind, along with a significant interstellar absorption toward that direction. This target is indeed characterized by the highest column density in the sample (see Table 3 ). No relevant spectrum could therefore be extracted for the spectral analysis. Assuming an absorbed thermal emission model in the WebPIMMS tool, with a plasma temperature of 0.6 keV 5 , we obtain a flux of ∼ 10 −14 erg cm
and an unabsorbed flux of ∼ 9 × 10 −14 erg cm −2 s −1 . The careful inspection of the pn image reveals a marginal point-like source about 1 arcmin to the South of HIP 77391. This direction and angular distance are coincident with the expected position of the bow shock. However, a correlation of this position with the 2MASS catalogue for point sources suggests this X-ray source should be associated to an independent object, with no physical relation with the bow shock. The infrared sources 2MASS 15475227-4838578 and 2MASS 15475263-4839035 lay indeed at angular distances of 4.2 and 4.8 " of the X-ray source, respectively. The same is true with the GSC catalogue with the source S8U6003194 at about 4.4 ". We therefore do not detect any X-ray source likely attributable to the bow shock close to HIP 77391. Upper limits on the putative X-ray emission from this bow shock are determined in Sect. 4.3.
HIP 78401
The EPIC spectrum of HIP 78401 was extracted from a circular region with a radius of 60 ", excluding events in a 30" radius circle associated to the nearby source at [16:00:17.14; -22:36:53.47]. The later source is certainly UCAC3 135-174588 (2MASS J16001730-2236504) referenced as a M4 star by Luhman & Mamajek (2012) . The background spectrum was extracted in a circular region (radius 60 ") at coordinates [16:00:35.01; .97] for pn. The best fit was obtained with a thermal emission model with temperatures of about 2 MK and 6 MK. We note that even though globally the three individual EPIC data sets led to very similar results, the χ 2 ν degraded significantly when the model was adjusted simultaneously to the three spectra. For this reason, MOS (see Fig. 2 ) and pn results are presented separately in Table 5 .
X-ray point sources positionally coincident with the bow shock have all identified counterparts in other wavebands: a source at [16:00:22.84; -22:43:54.90 ] is at about 4.1 " of 2MASS 16002305-2243578 and S8ZL002730, a source at [16:00:16.66; -22:48:16 .00] is at about 2.8 " of S8ZL046027, and a source at [15:59:57.36; -22:43:44.83 ] is at an angular distance of 1 " from S8ZL002780. Beside these point sources, no X-ray excess is detected close to the bow shock of HIP 78401.
We note the presence of a diffuse X-ray source close to coordinates [16:00:07.5; -22:47:44.7] , with no identified counterpart in the SIMBAD database. Even though this diffuse source is located in the appropriate direction with respect to the runaway, it is located too far away (∼ 10 arcmin) to be physically associated to the bow shock. The measured pn count rate is 0.013 ± 0.002 cnt s −1 , which is too faint for the extraction of a spectrum adequate for analysis.
HIP 97796
HIP 97796 appears as a moderately bright source. The count rates are 0.023 ± 0.001, 0.022 ± 0.001 and 0.098 ± 0.002 cnt s −1 , respectively for MOS1, MOS2 and pn between 0.3 and 10.0 keV. The source spectrum was extracted in a circular region of 45 " radius. The MOS and pn spectra were extracted using spatial filters with the same area centred at [19:52:06.65;+18:42:19 .64] and [19:52:24.60;+18:31:09.70], respectively. The spectrum is compatible with an optically thin thermal plasma emission model, with a temperature of the order of 2 MK, or with two temperatures of about 1 and 6 MK. Trials with a twotemperature model led apparently to a best fit but the relative error on the normalization parameter of the softer emission component is especially high. The results of the simultaneous fit to MOS spectra and individually to the pn spectrum are displayed in Table 5 . The best-fit of the twotemperature model to MOS spectra is shown in Fig. 2 .
Once again, no detectable diffuse emission coincident with the bow shock appears in the EPIC field. A few point sources are nonetheless present. Towards a direction close to that of the velocity vector of the runaway, a source at [19:52:15.28; +18:34:43.70 ] is coincident with 2MASS 19521527+1834444 (at 0.7 ") and N1TX000599 (at 0.6 "). Slightly to the East, a point source at [19:52:28.29; +18:34:18.72 ] has counterparts at about 4 " (2MASS 19522829+1834229 and N1TX065145). We note also the presence of a point source with no identified counterparts at other wavelengths at [19:52:23.54; +18:34:06.22] . We measured about 172 counts (corrected for the exposure map and for the average background measured in Sect. 4.3). This converts into a count rate of about 6.4 × 10 −3 cnt s −1 . Using the WebPIMMs tool, we assumed an absorbed power law spectrum expected to be adequate if this source is due to non-thermal emission associated to the bow shock. Between 0.3 and 10.0 keV, one obtains a putative flux of 2.7 × 10 −14 erg cm −2 s −1 and a flux corrected for interstellar absorption of 3.2 × 10 −14 erg cm −2 s −1 . We caution however that this point source is likely to be completely unrelated to the bow shock. In that case, this emission could probably be thermal, but we are lacking any indication about its typical plasma temperature. This prevents us to make any assessment on its nature.
Upper limits on the non-thermal emission
We estimated upper limits on the count rate (CRmax) potentially associated with the bow shock, on the basis of pn images only. MOS cameras collect indeed fewer events for a same exposure time and the pn results are thus expected to be more significant. We measured the number of counts (Ci) in N regions devoid of obvious sources spread over the field of view, and we corrected those counts on the basis of the exposure map 6 computed with the SAS to scale them to an equivalent on-axis value (Ci,corr),
where Eon and Ei are the exposure map on-axis, and at the location of the estimation of the background level, respectively. All extraction regions were arbitrarily selected as circles with a radius of 20 ". We then computed the mean of the corrected count numbers,
Ci,corr along with the deviation with respect to that mean,
The typical fluctuation level of the background is thus estimated as the mean of the deviations:
Finally, the division by the effective exposure time ∆ T eff (col. 7 in Table 2 ) leads to a count rate. We adopted the assumption that the count numbers potentially produced by the bow shock should not be larger that three times the average fluctuation measured on the background (equivalent to 3σ standard criterion). We thus establish the following expression for the estimator of the upper limit on the bow shock X-ray emission:
Adopting this procedure, we derived the upper limits quoted in Table 6 on the basis of a sample of N = 5 background regions. We caution that these upper limits depend intimately on the extraction radius, arbitrarily set to 20". For this reason, and to ease any potential confrontation of these numbers to results obtained in future investigations, we also quote in Table 6 upper limits on the count rate densities (CR d max ), expressed as the count rate per unit area (in cnt arcmin −2 s −1 ). The CRmax values were converted into fluxes in physical units (f IC,abs ) using the WebPIMMS tool. In each case, a wabs*power was assumed, using the NH,ISM values quoted in Table 3 and a photon index Γ = 1.5. Inverse Compton fluxes corrected for the interstellar absorption (fIC) are quoted in the last column of Table 6 . 6 The exposure map consists of a distribution across the EPIC field of view of the sensitivity of the camera. The sensitivity is decreasing from the centre to the borders of the field, with some gaps between CCDs of the mosaic.
DISCUSSION
The stars
HIP 16518 does not present any unexpected feature in its X-ray emission deviating from the behaviour of a regular single early B-type star. The flux corrected for interstellar absorption measured in Sect. 4.2.1 converts into a luminosity LX = 1.2 × 10 30 erg s −1 . The corresponding LX/L bol ratio is therefore about 10 −8 . This is significantly lower than the ∼ 10 −7 value expected for single O-type stars. This is in agreement with an expected steeper decline of the X-ray luminosity for the rather weak winds of single B-type star with respect to those of O-type stars (Berghoefer et al. 1997; Owocki et al. 2013) .
HIP 34536 is a rather wide, weakly eccentric binary with a period of about 2100 days. Its orbit was resolved using the Very Large Telescope Interferometer (VLTI) and its first astrometric solution was determined by Le Bouquin et al. (2017) . According to this recent ephemeris, our observation corresponds to orbital phase φ = 0.37. Its X-ray emission is the brightest measured in our sample. The X-ray flux corrected for interstellar absorption converts into a luminosity of 2.6 × 10 32 erg s −1 . Dividing this quantity by the cumulated bolometric luminosities of the O6.5V and O9V companions, one obtains a LX/L bol ratio of about 3 × 10 −7 . Such a value does not point to any strong X-ray emission component due to the colliding-winds in the binary. This is not a surprise considering the system is made of mid-and late O-type dwarfs whose winds collide at a rather large distance, thus with a not so high emission measure to feed thermal emission processes. This provides additional support to the idea that wind-wind interaction regions in wide binaries are not necessarily very bright X-ray emitters (see e.g. De Becker 2015) .
The late O-star HIP 77391 is at the limit to be detected in our XMM-Newton observation. Such a weak X-ray emission is most probably explained by a soft emission at a rather low level, significantly absorbed by the interstellar material along the line of sight. On the basis of the count rate and of assumptions on its X-ray emission (see Sect. 4.2.3), the unabsorbed count rate can be converted into a LX = 7 × 10 30 erg s −1 . This value leads to a LX/L bol ratio of about 5 × 10 −9 , which is unexpectedly low for an O supergiant. Even though these numbers are very uncertain considering the assumptions made to derive them, the marginal detection in X-rays (only in the pn data set) of HIP 77391 is surprising. The present information available on this object does not allow to go further in the interpretation of this low emission level.
The early-B star HIP 78401 (also known as δ Sco) is a long period (∼ 10.74 yr) binary that was intensively studied especially in the optical and near infrared domains (see e.g. Bedding 1993; Tango et al. 2009; Meilland et al. 2011 ). According to the ephemeris published by Meilland et al. (2011) , our XMM-Newton observation corresponds to orbital phase φ ∼ 0.35. The spectrum is compatible with thermal emission, with an X-ray luminosity corrected for interstellar absorption LX = 9.7 × 10 30 erg s −1 . The LX/L bol ratio of 3.7 × 10 −8 is not so surprising for a B-star. The X-ray spectrum of the O-type runaway HIP 97796 agrees well with a thermal nature, with plasma temperatures not larger than about 6 MK. The flux corrected for interstel- Table 6 . Upper limits on the X-ray emission from the bow shocks measured in 20" radius regions between 0.3 and 10.0 keV. lar absorption converts into LX = 1.74 × 10 32 erg s −1 , leading to a LX/L bol ratio of 1.0 × 10 −7 . The latter value is in full agreement with the X-ray emission from a single O-type star (see e.g. Owocki et al. 2013 ).
The bow shocks
Even though a few point-like sources may at the limit be considered as potential candidates for the detection of Xray emission associated with some bow shocks, the nature of these sources could not be clarified with the present data set. For HIP 34536 (Sect. 4.2.2), one unidentified point source is clearly detected, but the spectral analysis was not conclusive. Close to HIP 97796 a faint source allowed just for a count rate estimate with no hope for any spectral analysis (Sect. 4.2.5). Finally, in the case of HIP 16518, a slight Xray excess is only marginally detected (Sect. 4.2.1). The data available so far could therefore not lead to any unambiguous identification of non-thermal X-rays from bow shocks in our sample. However, the upper limits derived in Sect. 6 deserve to be discussed further in the context of the physics of bow shocks of runaway stars.
The obtained X-ray upper limits can be used to constrain the main physical quantities involved in the nonthermal emission production, using a simple radiation model. We also made use of radio upper limits for the 5 sources we are studying here; in particular we obtained 3-σ radio upper limits for 4 sources using the NRAO all-sky survey at 1.4 GHz (for more information see Condon et al. 1994) . The lack of archive radio data from HIP 77391 did not allow us to compute an upper limit for it; for completeness we use a value of the same order of that of the other sources. Using the distances listed in Table 1 we compute the upper limit radio luminosity at 1.4 GHz. The results are exhibited in the left part of Table 7 . Schulz et al. (2014) derived γ-ray flux upper limits for 27 stellar bow shocks using data collected by Fermi, including our 5 targets. The upper limits are calculated in 4 bands covering the energy range from 100 MeV to 300 GeV. The γ upper limits Lγ,UL, in luminosity units, are also shown in the left part of Table 7 .
The approach adopted here is not strictly speaking a regular fit procedure, as we are dealing only with upper limits and not actual measurements. In the absence of detection of non-thermal radio and X-ray emission from our targets, one has to follow a two-step approach. First of all, we use a simple radiation model to determine for which set of physical parameters (within allowed ranges) the predicted non-thermal luminosities are as close as possible to the upper limits. Second, the derived set of parameters must be critically discussed to identify the likely reasons for the nondetection of our targets. The radiation model and the results of our approach are described below.
The radiation model
We assume that a population of relativistic electrons exists in each source, with energy distribution N (E) in the interval Emin ≤ E ≤ Emax, where E is the particle energy. The electrons distribution is approximated as:
where Q0 is a normalization constant and t loss is the time scale of the relevant losses: radiative and non-radiative losses. The most important radiative losses are caused by infrared photons inverse Compton scattered off by the relativistic electrons and synchrotron radiation. The nonradiative losses are caused by advection, that draws the particles away from the acceleration region where they would be able to radiate . Hence t loss = min(tIC, t synchr , t adv ). The value of Q0 is directly related to the available power in the system P BS kin to accelerate particles (i.e. the kinetic energy budget in the system):
where L rel = χ rel P BS kin , and χ rel is the fraction of the available power injected into relativistic particles (i.e. the shock efficiency) and Ω is the emission volume. The wind kinetic power is:
Only a fraction fBS of this kinetic power is directed towards the bow shock. This fraction can be estimated as the ratio of the surface of the bow shock (modelled as a spherical cap with thickness w) to the surface of a sphere of radius R (see Table 1 ), and assuming further the sphere and the spherical cap share the same centre:
Hence, L rel = χ rel P BS kin = χ rel fBSP kin ; the values of P BS kin for each source are given in Table 9 . Further discussion on the energy budget of the system is developed in Sect. 5.3.
As shown in previous studies (e.g. del Valle & Romero 2012), the non-thermal spectrum should be dominated by synchrotron emission, produced by electron interaction with some local magnetic field B, and IC radiation, resulting from collisions with IR photons. The IR photons are emitted by swept-up dust heated by the stellar photons (van Buren & McCray 1988) . The IR luminosity emitted by the dust in the bow shock is a fraction of the bolometric luminosity, with typical fractions of χIR = 10 −2 (e.g., van Buren & McCray 1988) . The density of target photons ntarg for the IC process is calculated considering a black body at T = 40 K (i.e. a characteristic value for stellar bow shocks) with a normalization factor to a fraction of the bolometric luminosity (some authors call this a grey body). Let Ltarg be the luminosity associated with the photon target density, then the correction factor is such that Ltarg = χIRL bol . For each source we use the values of L bol listed in Table 1 .
In order to compute the synchrotron and IC emissivities per unit energy (q synchr ǫ and q IC ǫ , respectively) we use the general formulae given by Blumenthal & Gould (1970) .
The fundamental parameters in this simple model for the non-thermal emission are: the magnetic field B, the power in relativistic electrons, in this case as a fraction (χ rel ) of the available power in the bow shock, the maximum energy of the electron distribution Emax, the injection powerlaw index α and the number of target IR photons as a function of the bolometric luminosity χIR. All these values can be reasonably constrained using physical arguments. We aim at finding the most suitable parameters (within given intervals) that best accommodate with the derived upper limits both in the radio and X-ray domains 7 . In the next subsection we describe the optimization method we implemented.
Optimization method and application
We use a cross-entropy method for variance minimization. This is an iterative method that uses a random sampling of the free parameters in a given interval. For details on the method the reader is referred to de Boer et. al (2005) . The result is a set of values for the parameters that best fit the variance minimization condition 8 .
In our case, as we are interested in comparing the order of magnitude of the theoretical luminosities calculated with our model with the maximum luminosities allowed by the upper limits, we minimize the following function:
where L
GHz
synchr is the theoretical synchrotron radiation at frequency 1.4 GHz (∼ 5.8 × 10 −6 eV) and LIC is the theoretical IC luminosity in the range 0.3 and 10 keV. For computing LIC we integrate the emissivity in the corresponding energy band, i.e.
while L
GHz synchr
is simply E 2 synchr × q synchr ǫ (E synchr ), with E synchr = 5.8 × 10 −6 eV. The free parameters are B, χ rel , α, Emax, and χIR. The corresponding intervals are listed in Table 8 . We adopt a magnetic field of ∼ 1 µ G (of the order of the ISM magnetic field) as a reference value 9 and from that we consider values 2 orders of magnitude greater and lower. The minimum magnetic field in the interval can be used as a diagnostic tool. If the best fitted value is near this lower limit it means that efficient shock acceleration is not possible and therefore non-thermal emission would not be produced. The maximum value in the interval can be achieved in principle by non-linear effects during shock acceleration when, in the presence of turbulence, the ambient magnetic field can be amplified, reaching high values (e.g., del Valle et al. 2016) . The linear theory of DSA leads to a power-law injection index α of ∼ 2, although non-linear and other effects might result in deviations from this value (e.g., Longair 2011). For the maximum value in the Emax interval we adopt 10 7 mec 2 based on the results of del . All parameters but α vary by orders of magnitude, so logarithm intervals are used throughout our optimization approach.
Results
The optimal set of parameter values and the value of D (see Eq. 6) for each source are shown in the right part of Table 7 . In all cases but HIP 16518, the theoretical models accommodate well within the observational constraints, with D ≤ 1.0 × 10 −2 , meaning that the model luminosities and the upper limits are of the same order.
For all sources but HIP 16518 (discussed separately below) the parameter values appear quite reasonable. The spectral indices are ∼ 2, as expected from a DSA mechanism. The shock efficiencies, χ rel , are of the order expected in this process. For these four sources the maximum electron energies are between 30 and 100 GeV, allowing for the IC emission to reach the γ-ray energy band. The magnetic field values required to reach the radio upper limits are of the order of ∼ 10 −5 G, the same order found for BD+43
• 3654 by Benaglia et al. (2010) . Only for source HIP 78401 the value of χIR is lower than 0.1. The IR luminosity required for reaching the IC upper limit for that source is at least one order of magnitude lower than for other sources. However, all values are reasonable considering that we assume that all the bow shocks emit at the same temperature. Also notice that the bow shock dust emission depends on many factorssuch as the dust model, density distribution, stellar photons transport, etc. -that are ignored here.
The model gives an X-ray integrated luminosity for HIP 16518 LIC = 3.7×10 29 erg s −1 , i.e. 50% below the upper limit. The synchrotron luminosity at 1.4 GeV is however of the same order of LRD,UL (see the dot and the blue triangle in the top plot of Fig. 4 ). For reaching these luminosities the magnetic field, χ rel , and χIR adopt the maximum values of their allowed intervals. This result is not surprising given that this is the less energetic target. For this reason it is likely that this source does not produce significant nonthermal radiation. In addition, this source gives a rather hard injection index, < 2, not expected in the shocks of stellar winds. The maximum energy lays two orders of magnitude below the maximum energies of the other cases. Altogether, we conclude that this source is an inefficient nonthermal emitter.
In Figure 4 we show the computed non-thermal luminosity per unit energy (i.e., non-thermal emissivity per unit energy multiplied by E 2 ) for the five sources. The radio upper limits are marked with a dot. We also indicate with arrows the X-ray and γ-ray (GeV) upper limits, even though these are quantities integrated in energy. The theoretical X-ray integrated luminosities LIC are also shown as blue triangles. Notice that the luminosity upper limits are the power integrated over a given energy band (see Eq. (7)), while the curves in Fig. 4 represent the power as a function of energy. Even when both quantities have the same units the curves are not supposed to match the luminosity upper limits, because they represent different quantities (in fact the integrated luminosity is expected to be higher than the power as a function of energy). The case of the synchrotron radiation is special in the sense that the luminosity upper limit is given at a single energy and not over a band. It coincides with E 2 × qǫ at E synchr . In the case of source HIP 16518, the γ-ray upper limits are not shown because the emission does not reach such high energies. The higher energy γ-ray (TeV) upper limits derived by Abdo et al. (2013) are not shown. As expected the spectral energy distributions for the cases HIP 34536 to HIP 97796 are similar. The IC emission extends up to energies of the order of a few GeVs, with the maximum values reaching around ∼ 0.1 GeV. In all cases the γ-ray upper limits are many orders of magnitude over the obtained luminosities. According to our model, if we assume that electrons are accelerated with injection index ∼ 2 and for fixed maximum electron energies of several tens of GeV 10 (i.e., fixing Emax and α), the values we obtained for B, χ rel and χIR (listed in the right part of Table 7 ) can be considered as upper limits. Higher values of these parameters would indeed produce emission greater than the observational upper levels at Xrays and radio wavelengths. Also, under these conditions, the maximum γ−ray radiation occurs in the soft γ-ray domain, around 1 − 10 GeV, with a maximum achievable luminosity of the order of 10 32 erg s −1 (for HIP 77391). In principle, all targets but HIP 16518 might produce non-thermal emission at the level of the radio and X-ray upper limits. However, we emphasize that we are considering a simple physical model. Many factors might cause a lower non-thermal luminosity. For instance, particles might not be efficiently accelerated in the forward or reverse shock. This can happen under several circumstances: when the shocks are too slow (this also affects χ rel ), also if the magnetic field is too weak, when the material in the pre-shock region is not fully ionized or too dense, in the case of stronger advection losses that might be catastrophic for particle acceleration, etc. In addition, the relativistic electrons might diffuse too slowly to the region where the density of target photons is higher.
Another possibility is that the energy density of IR photons in the bow shock is not high enough to produce a detectable IC signal. Note that the values we obtained for χIR, though theoretically possible, are above the typical observed ones. Concerning the magnetic field, even though the radio detection of BD+43
• 3654 implies a high magnetic field in the source, it is not clear whether such values are expected in the surroundings of the reverse shock of most of sources (the most efficient site for DSA). A deeper discussion of these and other caveats is out of the scope of this work and will be presented elsewhere.
Energy budget
It can be instructive to set the physical quantities used in this paper into the general framework of a discussion of the energy budget. Figure 5 is a chart that allows to follow the energy flux from its initial pool (the stellar radiation field) up to the non-thermal processes. A short description of the various energy transfers represented by the numbered arrows is given below: Table 7 ). The blue triangles correspond to the integrated luminosities L IC . The colored dots indicate the radio upper limits. The arrows indicate the upper limits in the X-ray band (from 0.3 to 10 keV) and in 4 γ-ray bands (from 100 MeV to 300 GeV).
1. The stellar wind is driven by the radiation pressure due to the intense radiation field from the stellar photosphere. A fraction of the bolometric luminosity is thus converted into mechanical power in the stellar wind. The starting point is thus the bolometric luminosity, which can for instance be predicted on the basis of the stellar classification of the object. The mechanical power injected in the stellar wind is represented by its kinetic power P kin , see Eq. (4). It is easily estimated on the basis of measurements and/or predictions on the mass loss rate and the terminal velocity. The stagnation radius of bow shocks is much larger than the wind acceleration length-scale (at most a few stellar radii). Stellar winds have therefore reached their asymptotic velocities at the bow shock location. Typically, a fraction of 10 −4 to 10 −6 of L bol is converted into P kin , depending on the stellar category.
2. The heating of material, and especially dust particles, by the stellar radiation field leads to the production of thermal infrared emission. This radiation is measured and allows for the detection of the bow shocks (Peri et al. 2012 (Peri et al. , 2015 .
3. The thermal X-ray emission from stellar winds constitutes only a minor fraction of the wind kinetic power. Typically, values of the order of a 0.1-1% are measured.
4. A fraction of the kinetic power is directed toward the bow shock revealed by infrared observations. The fraction fBS going in the right direction can be estimated on the basis of geometrical considerations as done previously (see Eq. 5). The kinetic power directed toward the bow shock is
5. The fraction of the kinetic power not directed toward the bow shock is directly injected into the interstellar medium.
6. A significant fraction of P BS kin is used in the advection of material along the shocks and goes to the interstellar medium.
7. A fraction of the kinetic power injected in the bow shock drives DSA. This is the basic injection of energy into non-thermal particles.
8. Part of the energy invested in the DSA will go into relativistic protons and other nuclei. Most of these particles will escape and contribute to the low energy part of the Galactic cosmic ray population.
9. The remaining energy goes essentially to electrons. 10. Relativistic electrons are expected to be mainly cooled down by inverse Compton scattering of infrared photons produced by warm dust, as illustrated in spectral energy distributions and cooling-time plots presented in del ), del Valle et al. (2013 and Toalá et al. (2016) .
11. Finally, a fraction of the energy injected into relativistic electrons is converted into synchrotron emission, especially in the radio domain.
Some values of the physical quantities participating in the energy budget are given in Table 9 . Some of them were determined on the basis of Eq. 4, 5 and 8, using parameters given in Table 1 . The upper limit on the IC luminosity (between 0.3 and 10.0 keV) is determined on the basis of flux values given in the last column of Table 6. The upper limit on the efficiency (ηIC) of the conversion of kinetic power (P BS kin ) into IC radiation (LIC,UL) is also given. The latter quantity can be viewed as an indicator of the maximum efficiency of bow shock runaways to produce inverse Compton radiation in X-rays, according to our upper limit determinations.
These considerations are useful to discuss our expectations for the detection of inverse Compton X-rays from bow shocks extrapolated to a more extended sample. We therefore considered all the members of the E-BOSS catalogue (Peri et al. 2012 (Peri et al. , 2015 . We first determined P kin for all objects with knownṀ and V∞. Every time it was possible, we estimated fBS (see Eq. 5) to determine P BS kin . On the basis of the results obtained for the sample studied in this paper (see Table 9 ), we assumed a value for ηIC = 10 −5 to estimate pessimistic values for the upper limit on LIC. Finally, provided the distance was known, we derived corresponding values for the upper limits on the X-ray flux fIC. We note that, in the context of the absorbed power law model used in Sect. 4.3, absorbed and unabsorbed fluxes are very similar, and values of fIC are good indicators of measured (i.e. absorbed) fluxes as well. Figure 6 plots the fIC values as a function of P kin . A general trend suggests, as expected, that runaways with higher kinetic power leads to higher level values of fIC. One sees that for most potential targets, upper limits on fluxes are of the order of magnitude -or even below -the actual order of magnitude of the faintest X-ray sources detected with XMM-Newton, i.e. ∼ 5 × 10 −15 erg cm −2 s −1 (see e.g. Rosen et al. 2016 ). As one is talking about upper limits, points above the horizontal line in Fig. 6 can not be interpreted in terms of likely detection. In addition, one has to keep in mind that any putative detection is still not enough to clarify the nature (thermal vs non-thermal) of the emission.
As a result, we cannot anticipate a priori that observations of runaways with bow shocks could lead to clear identifications of non-thermal X-ray emission with present X-ray observatories. At least one order of magnitude improvement in the sensitivity is required, postponing the prospects in this field to the Advance Telescope for High Energy Astro- physics (Athena) observations, expected for the next decade (Barcons et al. 2015) .
SUMMARY AND CONCLUSIONS
We report on the analysis of XMM-Newton observations of five massive runaways with bow shocks. The main objective was to investigate the possibility that they could reveal non-thermal X-ray emission, in line with recent theoretical predictions. The careful inspection of all data sets did not reveal the presence of any X-ray emission spatially coincident with the bow shocks. On the other hand, the X-ray emission for the stars is discussed and interpreted in terms of the standard thermal emission from stellar winds.
On the basis of measurements of the background level in regions devoid of point sources, we determined conservative count rate upper limits on the putative X-ray emission at the position of the bow shocks. Assuming a power-law model adequate for inverse Compton scattering of infrared photons produced by heated dust, we converted these upper limits into physical flux units. In parallel, we used archive radio data to derive upper limits on the synchrotron radio emission from the bow shocks.
We used a simple radiation model for computing the theoretical synchrotron and inverse Compton emission from the bow shocks to be confronted to X-ray and radio upper limits. To do so, we first used the upper limits as actual values. In this way we derived constraints on model parameters involved in the non-thermal radiation production. Our results suggest that one of the targets is not able to produce significant non-thermal radiation. The set of parameters (magnetic field, amount of incident IR photons, etc) obtained for the other 4 sources lay within physically reasonable values, suggesting a priori they could in principle emit at a level close to the observational upper limits. Our models allow to convert the observational upper limits into upper limits on some relevant physical parameters.
In particular, we estimated the efficiency of the shocks and the injection power-law index. The obtained values are in agreement with the expected values for DSA in strong shocks. The local magnetic field allowed by the upper limits is of the order of 10 µG, higher than the ISM magnetic field. Assuming that electrons can be effectively accelerated in the sources through DSA, the reason why the non-thermal emission lays under the detection levels might be because the magnetic field is lower than this value and/or because the number of IR photons in the source is not high enough. In addition, one can not reject the idea that relativistic electrons may diffuse too slowly to the region where the density of target photons reaches its highest value, therefore preventing the non-thermal emission process to operate significantly.
Finally, on the basis of energy budget considerations we discussed these non-detections into a wider context, and extrapolated the behavior of the population of bow shock runaways in the E-BOSS catalogue. This approach -with the support of our modelling -allows to anticipate that the detection of inverse Compton scattering emission from the bow shock of massive runaways with current X-ray observatories is very unlikely. The advent of next generation X-ray space observatories such as Athena constitutes a strong requirement to pursue the investigation of the high energy non-thermal emission from these objects.
